The state of the tautomeric equilibria of eleven arylazo pyridone dyes was evaluated from UV-Vis absorption spectra with the aid of the quantum mechanical modeling. NMR analysis and theoretical calculations, by using PCM/xB97X-D/6-311G(d,p) method, confirmed that prepared compounds exist mainly in Hydrazo form. Internal hydrogen bonding in Hydrazo tautomer, analyzed by AIM topological analysis and total electron density at the bond critical point (BCP), confirmed a presence of strong hydrogen bond which contributes to higher stability of Hydrazo form. Linear solvation energy relationships (LSERs) rationalized solvent influence on solvatochromism of all compounds in Hydrazo form and K T by using Kamlet-Taft model. Linear free energy relationships (LFERs) were applied to the substituent-induced NMR chemical shifts (SCS) using SSP (single substituent parameter) and DSP (dual substituent parameter) model. Density plots over the highest occupied (HOMO) and lowest unoccupied molecular orbitals (LUMO) energy surface provide information on the charge transfer during excitation. The molecular electrostatic potential (MEP)
Introduction
Azo dyes containing heterocycle unit have attracted considerable attention because of their importance for chemistry of dyes and dyeing process (Peng et al., 1990 (Peng et al., , 1991 Yazdanbakhsh et al., 2007; Zhang et al., 2005; Yen and Wang, 2004; Hosseinnezhad et al., 2015) . Apart from their conventional application in textile dyeing, cosmetics, leather and food industry (Zo¨llinger, 2003) , azo dyes have been recently used in biological and medical studies (Isak et al., 2000) , optical recording (Geng et al., 2004) , dye-sensitized solar cells (Li et al., 2010) and high technology products and innovations (Tao et al., 1999) . Disperse dyes containing pyridone unit as a coupling component possess a great significance for dyestuff industry due to their excellent coloration features, simplicity of preparation, good light and wash fastness properties (Zo¨llinger, 2003) . Their physico-chemical properties, including optical storage capacity, optical switching, holography and non-linear optical properties make them promising candidates for photoactive materials (He et al., 2000) .
The physico-chemical properties of arylazo pyridones are closely related to their Azo-Hydrazo tautomerism. Since the tautomers have different technical properties and dyeing performances, studying the state of tautomeric equilibria is important from both theoretical and practical point of view. Despite numerous publications which have focused on the industrial applications, surprisingly few studies were published on conformation originated from the isomerization/tautomerism or the stereochemistry of these molecules (Wang and Wang, 1990; Peng et al., 1991; Ertan et al., 1995; Usˇc´umlic´et al., 2004; Mijin et al., 2006) . The small free energy difference between tautomers makes them sensitive to the influence of environment (e.g. pH, temperature, solvent polarity and the ability of solvents to hydrogen bond with each tautomer) and substituent effects (their position in the ring and their electronic effects, and inter-and intra-molecular interactions) (Antonov, 2013) .
An investigation of the spectral data generally pointed out that the tautomeric equilibrium of arylazo pyridone dyes is shifted to the hydrazo tautomeric form in solid state. In different solvents, the equilibrium predominantly favors the hydrazo form and depends on the dye structure and the solvent used (Cee et al., 1988; Ertan et al., 1995; Usˇc´umlic´et al., 2004) . Previous investigations of substituted arylazo pyridones (Alimmari et al., 2012 (Alimmari et al., , 2013 have also shown that the equilibrium between the two tautomers is influenced by the structure of the compounds and the solvent used. The introduction of electron-attracting or electron-donating substituents to the para or ortho positions of diazo component of an azo pyridone dye, has resulted in additive or subtractive color shifts and fading rates which depend on the nature and the position of the substituents (Wang and Wang, 1990) .
A series of eleven arylazo pyridone dyes were synthesized by coupling of 3-or 4-substituted benzene diazonium salt with tautomeric mixture of 6(2)-hydroxy-4-methyl-2(6)-oxo-1-phe nyl-1,2(1,6)-dihydropyridine-3-carbonitriles (pyridone a and b; Fig. 1 ) (Ajaj et al., 2013) . The reaction pathways take place via equilibration of the azo forms: Azo/b -(E)-2-hydroxy-4methyl-5-((3-or 4-substituted phenyl)diazenyl)-6-oxo-1-phe nyl-1,6-dihydropyridine-3-carbonitrile and Azo/a -(E)-6hydroxy-4-methyl-5-((3-or 4-substituted phenyl)diazenyl)-2-o xo-1-phenyl-1,2-dihydropyridine-3-carbonitrile with the main reaction product Hydrazo form: (Z)-4-methyl-5-[2-(3 or 4-substituted phenyl)hydrazono]-2,6-dioxo-1-phenyl-1,2,5,6-te trahydropyridine-3-carbonitrile dyes at 0-5°C, which is presented in Fig. 1 .
Experimental and theoretical data of the tautomeric forms were considered. The state of the tautomeric equilibria of eleven arylazo pyridone dyes was evaluated from UV-Vis spectra. Due to overlapping of the absorption bands, the applied methodology for resolution of UV-Vis spectra was based on certain approximations (Antonov and Stoyanov, 1995) . The algorithm applied for evaluation of the state of tautomeric equilibria was described elsewhere (Ajaj et al., 2013; Antonov and Stoyanov, 1993) . A detail study of the relative stability of tautomers requires the use of computational techniques to support the experimental findings. Thus, geometries and electronic structure of arylazo pyridone dyes were obtained from DFT calculations.
The UV-Vis and NMR data were analyzed by the use of LSER and LFER models, respectively, in order to evaluate the influence of solvent/solute interactions and substituent effects on tautomeric equilibria (Reichardt, 2003) . Quantification of the solvent effects: dipolarity/polarizability and the hydrogen-bonding ability on the UV spectral shifts, i.e. m max , was interpreted by means of the Kamlet-Taft (LSER) Eq. (1) (Kamlet et al., 1981) :
where m max is substituent-dependent values, i.e., absorption frequencies, p * is an index of the solvent dipolarity/polarizability; a is a measure of the solvent bond acceptor (HBA) basicity; b is a measure of the solvent hydrogen-bond donor (HBD) acidity and m o is the regression value in cyclohexane as reference solvent. The solvent parameters used in Eq. (1) are given in Table S1 . The regression coefficients s, b and a in Eq. (1) measure the relative susceptibilities of the absorption frequencies to the indicated solvent parameters.
In the second part of the work, LFER analysis was applied to the UV and NMR data in the studied compounds ( Fig. 1 ). The transmission of polar (field/inductive) and resonance effects from the substituent (X) to the carbon atoms of interest was studied using Eqs. (2) and (3):
where s are substituent-dependent values: substituent induced chemical shift (SCS) or absorption frequencies (m max ); q is a proportionality constant (reaction constant) reflecting the sensitivity of the spectral data to the substituent effects; r, r I and r R are the substituent constants, and h is the intercept (i.e., it describes the unsubstituted member of the series) (Hammett, 1937; Exner, 1972; Hansch et al., 1995) . Single substituent parameter Eq.
(2) (SSP; the Hammett Equation) attributes the observed substituent effect to an additive blend of polar and p-delocalization effects given as corresponding the r values. In dual-substituent parameter (DSP) Eq. (3) (the Extended Hammett Equation), s are correlated by a linear combination of inductive (r I ) and various resonance scales (r R 0 , r R and r R + ), depending on the electronic demand of the atom under study. Calculated values q I and q R , are relative measures of the transmission of the inductive and resonance effects.
The transmission of substituent effects, i.e. LFER study, was discussed in relation to the geometry of molecules. DFT method was also applied for evaluation of HOMO-LUMO energy gaps and Molecule Electrostatic Potential (MEP) maps.
Experimental

Materials and methods
Details on materials and general method for preparation and purification procedure of arylazo pyridone dyes were described in detail in Supplementary material. Atom numbering used in NMR calculations and assignment of chemical shifts of arylazo pyridone dyes are given in Fig. S1 . Yield and melting points of obtained arylazo pyridone dyes are given in Table 1 .
The UV absorption spectra were recorded in the range from 200 to 600 nm in seventeen solvents of different polarity at 25°C using UV-Vis Shimadzu 1700A spectrophotometer. Three measurements were performed and mean value was presented. Spectra were recorded at variable conditions, temperature and concentration, in order to study their effect on the solvatochromism and tautomeric equilibria of investigated compounds. Concentration was changed in the range from 1.00 Â 10 À4 to 1.00 Â 10 À7 mol dm À3 , and at temperature of 25, 35, 45 and 55 ± 0.1°C. Second and fourth derivatives spectroscopy are explained in Supplementary material. The correlations of the absorption frequencies m max , by applying LSER and LFER principles, were carried out by means of multiple linear regression analysis, and all correlations fit at Figure 1 The proposed reaction pathways of the diazotization of tautomeric pyridone a and b form via equilibration of azo forms (Azo/b and Azo/a) and Hydrazo form of arylazo pyridone dyes at 0-5°C (Ajaj et al., 2013) . the 95% confidence level. The standard deviation for correlation and correlation parameter is presented. The Kamlet-Taft solvent parameters are taken from the literature (Kamlet et al., 1983) , as well as substituent constants used in LSER and LFER correlations (Hansch et al., 1995) .
Results of the characterization of arylazo pyridone dyes 1-11
1 H and 13 C NMR, FTIR data and results of elemental analysis of known compounds 1, 2, 4 and 8 are given in Supplementary material, while data for newly synthesized compounds are as follows: (Z)-4-methyl-5-[2-phenylhydrazono]-2,6-dioxo-1-phenyl-1, 2,5,6-tetrahydro-3-carbonitriles (1, C 19 (Mohareb and Ibrahim, 1989) .
(Z)-4-methyl-5-[2-(4-methylphenyl)hydrazono]-2,6-dioxo-1-phenyl -1,2,5,6-tetrahydro-3-carbonitriles (2, C 20 . -phenyl-1,2,5,6-tetrahydro-3-carbonitriles (3, C 20 .6 (C7), 55.7 (4 00 -OCH 3 ), 99.5 (C3), 115.3 (C"N), 119.4 (C2 00 , C6 00 ), 122.6 (C5), 128.7 (C4 0 ), 128.8 (C3 00 , C5 00 ), 129.0 (C3 0 , C5 0 ), 129.1 (C2 0 , C6 0 ), 134.4 (C1 0 ), 134.8 (C1 00 ) 139.1 (C4 00 ), 158.9 (C2), 159.7 (C4), 160.8 (C6) ppm. IR (KBr): m = 637, 671, 702, 763, 832, 1009, 1090, 1211, 1278, 1397, 1418, 1508, 1585 1638, 1686 (C‚O) (Ajaj et al., 2013) .
(Z)-4-methyl-5-[2-(4-fluorophenyl)hydrazono]-2,6-dioxo-1-phenyl-1,2,5,6-tetrahydro-3-carbonitriles (5, C 19 H 13 N 4 O 2 F).
Yellow powder; yield 65%, m.p.: 265-8°C. 1 .5 (C7), 100.7 (C3), 115.1 (C"N), 116.54 116.72 (C2 00 , C6 00 ), 119.4, 119.6 (C3 00 , C5 00 ), 123.4 (C5), 128.5 (C4 0 ), 128.8 (C3 0 , C5 0 ), 129.0 (C2 0 , C6 0 ), 134.1 (C1 0 ), 137.9 (C4 00 ), 159.6 (C1 00 ), 159.7 (C2), 160.1 (C4), 160.4 (C6) ppm. IR (KBr): m = 635, 670, 692, 736, 749, 770, 791, 837, 871, 954, 1033, 1073, 1100, 1152, 1206, 1234, 1288, 1333, 1398, 1425, 1447, 1508, 1578, 1638, 1680 (C‚O) .6 (C7), 101.7 (C3), 114.9 (C2 00 ), 116.4 (C"N), 119.9 (C6 00 ), 122.5 (C5), 124.2 (C4 00 ), 128.7 (C4 0 ), 128.8 (C3 0 , C5 0 ), 128.9 (C2 0 , C6 0 ), 129.1 (C3 00 ), 131.6 (C5 00 ), 134.6 (C1 0 ), 142.8 (C1 00 ), 159.6 (C2), 160.1 (C4), 160.4 (C6) ppm. IR (KBr): m = 677, 689, 743, 777, 835, 870, 895, 954, 993, 1034, 1065, 1095, 1155, 1208, 1276, 1303, 1330, 1404, 1426, 1511, 1578, 1638, 1689 (C‚O) .6 (C7), 101.8 (C3), 114.9 (C2 00 ), 116.9 (C"N), 117.0 (C6 00 ), 124.1 (C5), 126.2 (C4 00 ), 128.7 (C4 0 ), 128.8 (C3 0 , C5 0 ), 128.9 (C2 0 , C6 0 ), 131.3 (C1 0 ), 133.9 (C5 00 ), 134.2 (C3 00 ), 142.7 (C1 00 ), 159.6 (C2), 160.0 (C4), 160.4 (C6) ppm. IR (KBr): m = 676, 691, 704, 745, 784, 836, 868, 955, 996, 1033, 1071, 1095, 1156, 1211, 1283, 1332, 1405, 1432, 1455 1509, 1581, 1642, 1690 (C‚O) , 2221 (C"N), 2851, 2922, 3073, 3443 (OAH) cm À1 . Elemental Analysis:
Calculated: %C 62.56, %H 3.59, %N 15.36, %O 9.77, %Cl 9.72.
Found: %C 62.55, %H 3.57, %N 15.37, %O 9.79, %Cl 9.74.
Ab initio theoretical calculation method
The geometry optimizations for compounds 1-6 and 8-11 were carried out in N-methylformamide using xB97X-D functional (Chai and Head-Gordon, 2008) and standard basis set, 6-311G (d,p). Compound 7 (with I substituent) was excluded from theoretical considerations since basis set for iodine atom was not available. The solvation effect was simulated with standard polarized continuum model (PCM) (Tomasi et al., 2005) . For all optimized structures harmonic vibrational frequencies were evaluated at the same level to confirm the nature of the stationary points found (to confirm that optimized geometry corresponds to local minimum that has only real frequencies), and to account for the zero point vibrational energy (ZPVE) correction. Global minima were found for every isomer considering Hydrazo, Azo/a and Azo/b tautomeric forms of obtained dyes, and rotational isomers of meta-substituted derivatives. Solvation free energies were calculated on PCM/xB97X-D/6-311G(d,p) optimized geometries with SMD method (Marenich et al., 2009) in NMF solution, using the same functional and basis set. NMR chemical shifts are calculated on xB97X-D/6-311G(d,p) optimized structures using GIAO approximation in Dimethyl sulfoxide (DMSO) as a solvent, with the specially parameterized WP04 functional and cc-pVDZ basis set. This method was proven to give best accuracy/cost ratio in NMR chemical shift prediction (Jain et al., 2009) . The values of 1 H and 13 C chemical shifts presented in Table S2 are scaled relative to 1 H and 13 C chemical shift of TMS, and calculated with the same method. Atom numbering used in NMR calculations and assignment of chemical shifts are given in Fig. S1 . All quantum chemical calculations were done with Gaussian09 program package (Frisch et al., 2009) . Atoms in molecule (AIM) topological analysis was conducted with Multifwfn (version 3.3.7) program package (Lu and Chen, 2012) . AIM analysis, Molecular electrostatic potential (MEP) maps and molecular orbital analysis were done on geometries and wave functions obtained from PCM/xB97X-D/6-311G(d,p) calculations in NMF solution. Plot of Noncovalent interaction index (NCI) was done with NCIPLOT program (Johnson et al., 2010) .
Results and discussion
Synthesis and stability of arylazo pyridone dyes
It was shown that synthesized pyridones, tautomeric mixture of 6(2)-hydroxy-4-methyl-2(6)-oxo-1-phenyl-1,2(1,6)-dihydro pyridine-3-carbonitriles -pyridone a and b, respectively, offered an interesting synthetic alternative: diazotization of pyridones gave only one product (Z)-6-hydroxy-4-methyl-5-[2-(4-nitrophenyl)hydrazono]-2,6-dioxo-1-phenyl-1,2,5,6-tetrahydro-3-carbonitrile (Ajaj et al., 2013) . Spectral assignments of NMR data undoubtedly confirmed presence of (Z)-6-hydroxy-4-methyl-5-[2-(4-nitrophenyl)hydrazono]-2,6-dioxo-1-phenyl-1 ,2,5,6-tetrahydro-3-carbonitrile and non-reacted pyridone in 1 H NMR spectrum of unpurified product (Ajaj et al., 2013) . DFT calculations confirmed higher stability of Hydrazo form due to formation of intra-molecular hydrogen bond ( Fig. 1 ). It was assumed that equilibrium is shifted from Azo derivatives to more stable Hydrazo form via the most probable H-transfer from O(6)AH through pseudo-cyclic six-membered transition state via Azo/a form ( Fig. 1 ). Two probable reaction pathways could lead to Hydrazo form: diazotization of pyridone b to Azo/b (path i) and consecutive transformation to Azo/a or by equilibrium shifts from pyridone b to a form followed by diazotization (path ii) ( Fig. 1 ). The electrophilic displacement of hydrogen at C5 carbon of pyridone core is caused by substituent present in diazonium salt and the value of charge density at C5 carbon. The higher negative charges at C5 of tautomer a, obtained by DFT calculation (Ajaj et al., 2013) , indicated higher probability that reaction takes via tautomer a. The optimized geometry of pyridone indicates co-planarity of electron-donating hydroxyl group at C6 in a form and p-electrons density of the C5AC6 double bond which provides higher extent of electron density shift to C5 carbon (n,p-conjugation). The consequence is more favorable reaction pathway (ii). Due to that, it was valuable to study Azo-Hydrazo tautomerism of synthesized azo pyridone dyes.
Spectral characteristics and tautomerism of arylazo pyridone dyes
The synthesized arylazo pyridone dyes exist as an equilibrium of two Azo forms, Azo/a and Azo/b, obtained by direct diazotization of tautomeric pyridones ( Fig. 1 ), or by hydrogen transfer leading to more stable Hydrazo form. Predominance of Hydrazo form in a product has been confirmed by the data obtained from NMR analysis and quantum chemical calculations (Ajaj et al., 2013) . Higher stability of Hydrazo form is confirmed by experimental and theoretical results obtained in this work. Examples of FTIR ( Fig. S2 ), 1 H NMR ( Fig. S3 ) and 13 C NMR ( Fig. S4 ) spectra of compounds 1, 4 and 5 are given in Supplementary material. DFT calculation of NMR chemical shift, obtained on xB97X-D/6-311G(d,p) optimized geometries by using GIAO/WP04/cc-pVDZ method (Table S2 ; comps. 1 and 4), proved accuracy of NMR data assignment and dominance of Hydrazo form. This is a powerful method used for prediction and interpretation of the structure and Azo/Hydrazo tautomeric equilibria in DMSO. The calculations in DMSO have also shown that energies of Azo/a tautomers are 107-111 kJ/mol higher and Azo/b tautomers are the least stable (in the range 116-120 kJ mol À1 ) comparing to Hydrazo form. Detailed analysis on stability of all forms in NMF is given in Section 3.6.
The infrared spectra of all synthesized dyes showed two intense carbonyl bands at %1640 and %1690 cm À1 , which were assigned to 2,6-diketo groups present in Hydrazo form. Additionally, in some spectra observed bands in the region 3037-3125 cm À1 and 3431-3448 cm À1 were assigned to the NAH group from Hydrazo form and hydroxyl group in pyridone ring, respectively (Fig. S2 ). The 1 H NMR spectra of dyes showed a broad signal in the range of 14.26-14.69 ppm ( Fig. S3 ), which corresponds to amino proton positioned in de-shielding region of phenyl group of the Hydrazo form ( Fig. 1) . The assumption is that substituent electronic effect does not cause significant influence on secondary magnetic field and, thus, it is reflected in lower effect on NMR shift change. Similar results were obtained for ten 5-arylazo-6-hyd roxy-4-methyl-3-cyano-2-pyridone dyes that exhibit existence only of the Hydrazo tautomeric form in solid state and in solvent DMSO-d 6 , with NAH 1 H NMR peak in the range of 14. 35-14.87 ppm (Usˇc´umlic´et al., 2004) . It was also shown that peak shift in 1 H NMR spectra is a consequence of appropriate solvent influence on the presence of predominating tautomeric Hydrazo form of Azo pyridone dyes in CF 3 COOD/ CDCl 3 solvent mixture, with NAH signal position shifting to higher value in the range 15.1-15.6 ppm (Ertan and Gurkan, 1997) . The 13 C NMR studies of some N-alkyl derivatives of azo pyridones in CDCl 3 and DMSO-d 6 undoubtedly confirmed the presence of the Hydrazo form (Lucˇka and Machacˇek, 1986; Cee et al., 1988) . Due to the importance of arylazo dyes, a detail analysis of the solvent and substituent effect on the state of tautomeric equilibria shift in synthesized dyes was conducted. Moreover, the analysis of the substituent effect on NMR chemical shifts, together with quantum chemical calculation, gave a range of valuable results that support presented conclusions.
A variety of spectroscopic methods could be used for analysis of the state of tautomeric equilibria, i.e. study of the mechanism of tautomer transformation. Exceptionally, at slow proton exchange, observation of a distinct signals in 1 H NMR spectra allows quantitative determination of tautomeric forms (Ajaj et al., 2013; Kolehmainen et al., 2000; Manolova et al., 2014; Ortiz et al., 2014) . NMR analysis of the spectra of arylazo pyridone dyes did not allow determination of tautomers due to fast proton exchange at timescale (Figs. S3 and S4). Due to this, the study of the tautomeric equilibria is based on advantageous characteristics of UV-Vis spectroscopy: diversity of spectral properties of the corresponding tautomers, sensitivity of the tautomeric equilibria to the effect of surrounding solvent (environment), solvent basicity and acidity, substituent effect present at solute molecule, as well as operational temperature. An algorithm consisted in stepwise methodology (Antonov and Stoyanov, 1993; Antonov, 2013) was used for the resolution of the UV-Vis spectra of arylazo pyridone dyes studied in this work. Absorption spectra of the arylazo pyridone dyes 1-11, recorded in seventeen solvents, indicate the presence of the overlapped bands in the region 350-500 nm (Fig. 2) . All UV-Vis spectra were recorded at concentration of 1 Â 10 À5 mol dm À3 , and mean values from three measurements were presented.
Dimerization process, which is favorable for 2-pyridone at higher concentrations (Szyc et al., 2010) , was not usually found for solute concentration lower than 1 Â 10 À5 mol dm À3 . Strong tendency of 2-pyridone to create intermolecular hydrogen-bridged dimer was the process of negligible contribution to the previously studied tautomeric N(1)-substituted pyridones. Low extent of dimerization in arylazo pyridone dyes is a consequence of low degree of lateral p,p-stacking interaction due to deflection of the N(1)-phenyl ring, and the similar was found for pyridone precursor (Ajaj et al., 2013) . Two additional factors contribute to absence of dimerization: the introduction of 5-arylazo group at pyridone core contribute to structure crowdness and adverse/higher intensity of solvent/solute interactions, with respect to attractive interactions among molecules. The characteristic absorption spectra of investigated compounds in NMF and DMF are shown in Fig. 2 .
From the presented UV-Vis spectra (Fig. 2) , diversity of the spectra could be noticed: wide to narrow shape, but all of them show large overlapping of the absorption bands which corresponds to appropriate tautomeric form. Successfulness of the methodology, applied for resolution of UV-Vis spectra, was necessarily based on appropriate approximations described in a previous work (Ajaj et al., 2013) . Regardless of such limitations, it is widely used in scientific literature (Tsuno et al., 1975) . A semi-quantitative approach gives satisfactory results related to the evaluation of the state of tautomeric equilibria (Antonov and Stoyanov, 1993, 1995; Petrov et al., 2000) . The obtained spectra were analyzed by stepwise procedure: firstly, performing an estimation of tautomerization constants, individual spectra of the tautomers and absorption band numbers based on the results both experimental data and DFT calculation. The second and fourth derivative spectroscopy was helpful in determining the number and approximate position of the absorption bands corresponding to appropriate tautomeric form (Ajaj et al., 2014; Petrov et al., 2000) . Afterward, an approximation of the band intensities and band widths, as well as the assignment to the appropriate tautomeric form was performed. The final refinement is performed by simultaneous resolution of the whole set of spectra according to the literature procedures (Ajaj et al., 2014; Antonov and Stoyanov, 1993, 1995; Antonov, 2013) . The results of the applied methodology are exemplified in Fig. 2c , and absorption maxima of both Hydrazo (lower wavelength band) and Azo/a form (higher one) obtained in the set of selected solvents are summarized in Tables 2 and 3, respectively. Low temperature influence on absorption spectra change was found (example given for compound 3 in Fig 2d) , and additionally confirmed that negligible extent of dimerization exists in solution.
The data from Table 2 indicate that values of absorption frequencies of investigated compounds depend on the substituent effect. The introduction of methoxy, nitro, bromo and iodo substituents contributes to the positive solvatochromism, comparing to the unsubstituted compound, while the other compounds show shifting to lower wavelength. The absorption spectra showed relatively low dependence on both solvent and substituent effects, i.e., the absorption bands of both electron-donor and electron-acceptor substituted derivatives appear at similar wavelengths (in the range 10-20 nm) compared to parent compound 1.
Applying described methodology given in previous publication (Ajaj et al., 2013) , K T values, K T = [Hydrazo]/[Azo/a], of the investigated compounds were determined in DMF, DMAc and NMF, and the results are presented in Table 4 . The changes in the K T values are consequence of the balanced contribution of both solvent and substituent effects. The NMF solvent effect on K T change (contribution of both dipolarity/ polarizability effect and hydrogen bonding ability) causes shift of the tautomeric equilibria to Hydrazo form (higher K T values). The highest value of K T was found for halogen substituted azo dyes. The opposite is true for aprotic solvents DMF and DMAc, i.e. solvent with increased dipolarity/polarizability causes complex influence on K T values. It could be postulated that such a behavior is a consequence of different conjugational ability of the p-electron densities through localized or delocalized p-electronic systems of the appropriate tautomeric forms.
Solvent effects on the UV-Vis absorption spectra: correlation with multi-parameter solvent polarity scales
The UV-Vis spectra of arylazo pyridone dyes consisted of two strongly overlapped bands corresponding to Hydrazo form (lower one), and higher wavelength band ascribed to Azo/a form. The absorption maxima, corresponding to electron density transition from the Hydrazo NH group to the pyridone carbonyl groups (lower energy band) in investigated dyes, are presented in Table 2 . The absorption maxima, which correspond to presence of Azo/a form, are given in Table 3 . The data from Tables 2 and 3 confirm that the positions of the UV-Vis absorption frequencies depend on the nature of the solvent used and substituent. The introduction of electron-donating or electron-attracting substituents in the phenyl ring in all solvents causes variation of the bathochromic or hypsochromic shifts compared to that of the comp. 1.
The effect of solvent dipolarity/polarizability and hydrogen bonding ability on the absorption maxima shift were interpreted by applying principles of linear solvation energy relationship (LSER) using a Kamlet-Taft solvatochromic Eq. (1) (Kamlet et al., 1981) . The correlations of the absorption frequencies maxima m max for Hydrazo tautomer were carried out by means of multiple linear regression analysis. The results are presented in Table S3 , and coefficients m 0 , s, b and a fit at the 95% confidence level.
The non-specific solvent effect is a factor of the highest contribution to UV-Vis spectral shifts of all investigated com- pounds (Table S3 ). According to the correlation results, the negative sign of b coefficient, for all arylazo pyridone dyes (Table S3) , indicates a bathochromic shift with increasing solvent hydrogen-bond accepting capability. This suggests better stabilization of the electronic excited state relative to the ground state. The positive sign of s and a coefficients for all investigated dyes indicates hypsochromic shifts with increasing solvent dipolarity/polarizability and hydrogen-bond donor capability. This suggests better stabilization of the ground state relative to the electronic excited state with increasing solvent polarity, i.e. higher dipolar properties of molecule in the ground state. The percentage contribution of solvatochromic parameters (Table S3 ) for all azo dyes showed that the most of the solvatochromism is due to solvent dipolarity/ polarizability rather than the solvent hydrogen-bonding ability. Presented results, obtained by the use Kamlet-Taft model, indicate that the solvent effects on azo-hydrazo tautomeric equilibrium and UV-Vis spectra are very complex due to diversity of the contribution of both solvent and substituent effect in studied azo dyes. This also indicated that the electronic behavior of the nitrogen atoms of hydrazo group is different between derivatives with electron-donating and electron-accepting substituents.
In order to investigate the influence of the substituent electronic effects to the state of tautomeric equilibria, log K T values were correlated with combination of substituent constants, r p /r m and r p + /r m + (Table S4) , and the results obtained for DMF, DMAc and NMF are presented in Table S5 . The results of correlation analysis of the substituent effect on tautomeric equilibria pointed out that there are two different trends involving two groups of substituents (Table S5 ). The first group, that includes electron-donating substituents and chloro substituent, exhibits similar sensitivity of log K T to substituent effect, irrespective of solvent used. Similar correlation coefficients and lower q values were obtained by using electrophilic substituent constants. These results indicate low contribution of extended resonance interaction through overall molecule. In that way, stable intramolecular hydrogen bonding bridge N2AHÁ Á ÁO‚C6 is established, causing stabilization of pseudo six-membered heterocyclic ring, and consequently, higher planarization of the molecule as a whole (Fig. S5 ; structure a). Due to overall planarization, transmission of electronic substituent effects exhibits low sensitivity to external factors such as solvent effects. The second group of substituents contains compounds with electron-accepting substituents and halogen substituted ones. The negative sign of proportionality constant, q, for second series means reverse behavior, i.e. it indicates equilibrium shift to Azo/a form with increasing electron-accepting character of the substituent. The most pronounced sensitivity to solvent effects, in second series, was found for DMF, lower for DMAc (it displays lower proton-accepting capability), and the lowest for NMF solvent due to obvious proton-donating effect of NAH hydrogen. Higher sensitivities of log K T to substituent effects in solvent with higher relative permittivity can be explained by the fact that, in dipolar surrounding medium, energies necessary to bring about charge separation in the ground and excited state are relatively similar inducing higher susceptibility of log K T to electronic substituent effects. Tautomeric equilibrium shift to Azo/a form is a consequence of electronic density shift in electron-acceptor substituted Hydrazo form ( Fig. S6 ; structure f) favoring hydrogen transfer to C6 carbonyl oxygen.
Substituent effects on the NMR data: LFER analysis
The LFER concept was applied to the SCS values of arylazo pyridone dyes with the aim to get an insight into substituent electronic effect to the absorption maxima shifts and NMR chemical shifts. A correlation analysis, by using LFER principles, in the form of the Hammett equation was performed (Hammett, 1937) , and obtained results are given in Tables S6  and S7 .
The observed q values indicate different susceptibilities of the SCS to substituent effects. It can be noticed from Table S6 that correlations are of good to high quality which means that the SCS values reflect electronic substituent effects. It is apparent that chemical shifts of C5 show an increased susceptibility and normal substituent effect. Reverse substituent effect was observed for C2, C3, C4 and C6 carbons. The existence of these correlations was interpreted as an evidence of substituent effect on the state of azo-hydrazo tautomerism. The azo group (AN‚NA) is an electron-accepting group, while the imino group (ANHA) present in Hydrazo form is an electron-donating group. According to that, it is expected that electron-accepting group stabilizes the Hydrazo form. Presented results indicate that both substituents, electrondonating and electron-accepting, have significant influence on stabilization of Hydrazo tautomeric form. Detail analysis of the transmission substituent effect through resonance structures of investigated arylazo pyridone dyes is presented on pages 15-16 in Supplementary material.
Contributions of the polar and resonance effects of substituents were performed by using DSP Eq. (3) with r I and r R constants, and the results are given in Table S7 . The effectiveness of the transmission of substituent effects is determined, among other factors, by the conformational (geometry) change of the investigated molecules which stems from an out-of-plane rotation of the N(1)-phenyl and arylazo rings, defined by the torsion angles h 1 and h 2 , respectively (Fig. 1) . The results obtained by the use of DSP equation do not provide significant improvement in fits when compared to the results obtained by the use of SSP Eq. (2). However, on the other hand, DSP results are useful for the estimation of contribution of appropriate substituent effects on SCS change of the atom of interest. It is obvious that chemical shifts of C5 show an increased susceptibility and normal substituent effect. Reverse substituent effect was observed at C2, C3, C4 and C6 carbons (Table S6 ). The negative sign of reaction constant, q, indicates reverse behavior, i.e. the value of SCS decreases although the electron-withdrawing ability of the substituents, measured by r, increases.
Correlations for C5 carbon give k (=q R /q I ) value of 1.3 which means that higher contribution of resonance interaction with electron density at this carbon is operative through hydrazo group. Conformational arrangement of the phenyl hydrazo moiety, due to formation hydrogen bridged six membered structures, provides effective transmission of the extended resonance effect to C5 carbon. All other k values are lower than 1, which means that polar (inductive/filed) substituent effect predominates over resonance effect. The alternation of polar substituent effects has been manifested as variation of the values of q I coefficients (Table S6 ) which reflect distance/angle dependence of field effect as well as path-length dependence of the inductive substituent effect.
Substituent effects on the UV data: LFER analysis
The correlation results of UV-Vis absorption maxima for arylazo pyridone dyes, obtained by the use of principles of LFER analysis, are given in Table 5 . The LFER results indicate complex influences of both solvent and substituent effect on UV-Vis absorption maxima of Hydrazo form (Table 5 ). These results also indicate that solvent effects: dipolarity/polarizability, HBD and HBA abilities cause appropriate sensitivity of the position of absorption maxima (m max ) to substituent effect.
Generally, the correlation results could be divided into two sets: the first set includes protic solvents (alcohols), THF, acetone, Chl and EtAc with positive correlation coefficients. Higher susceptibility of the m max shifts to the electronic substituent effects was found for these set of solvents, and the highest influence was found in EtAc. The hydrogen-bonding ability of protic solvent is the factor of primary significance which contributes to better stabilization of the ground state. Somewhat lower negative values of correlation coefficients were found for other solvents (second set), indicating the significance of solvent dipolarity/polarizability effect to better stabilization of excited state. Highly dipolar aprotic solvents contribute to the lower sensitivities of absorption frequencies to substituent effects. Aprotic solvents behave as poor anion solvators, while they usually better stabilize larger and more dispersible positive charges. Lower contribution of substituent effects in solvent with higher relative permittivity can be explained by the fact that highly dipolar surrounding medium suppresses electron density shift inducing lower susceptibility of absorption maxima shift to electronic substituent effects.
Presented results showed that transmission of substituent electronic effects through p-resonance units takes place by balanced contribution of two modes: through localized p-electronic unit and overall conjugated system of arylazo pyridone dyes. Their contribution depends on substitution pattern, as well as solvent under consideration. It was found that extended resonance interaction is effectively transmitted to C5 carbon showing normal substituent effect (Table S7) , which confirms that pseudo-cyclic hydrogen bridge plays significant role in transmission of substituent effects. Mode and range of the transmission of substituent effect is provided in Supplementary material (pages 14-16).
Results of DFT calculations. Nature of the frontier molecular orbitals
The geometries of all tautomers of investigated arylazo pyridone dyes were optimized in NMF solution with xB97X-D/6-311G(d,p) method. The xB97X-D functional was used because it includes empirical dispersion and long range corrections. Recent benchmark studies have shown a very good behavior of this functional for describing geometry and energy of strong hydrogen bonds (Thanthiriwatte et al., 2011) . The calculations have shown that for all investigated compounds Hydrazo tautomer, with intra-molecular hydrogen bond, is the most stable tautomer. The energies of Azo/a tautomers (Table 6 ). The large energy differences between tautomers indicate that an intra-molecular hydrogen bond formed in Hydrazo tautomer is very strong in nature. This was further confirmed by structural and topology analysis. The distances between oxygen and hydrogen atoms involved in hydrogen bond creation in Hydrazo tautomers are from 1.869 to 1.883 Å (Table 6) , which are much shorter than sum of their van der Waals radii (2.6 Å ). AIM topological analysis has found a bond critical point (BCP) between oxygen and hydrogen atom in Hydrazo tautomer of every investigated compound. Data about found BCPs are summarized in Table 6 . Values for total electronic density (q) at BCP (from 0.0326 to 0.0336; Table 6 ) fall at the high density range for hydrogen bond (0.002-0.035) (Koch and Popelier, 1995) . Since total electron density at the BCP correlates with hydrogen bond strength (Koch and Popelier, 1995; Yuan et al., 2010) high electron density values in Hydrazo tautomers further confirm a presence of very strong hydrogen bond. Also, there is a good correlation between OÁ Á ÁH distance values and electron densities and Laplacian of electron densities (r 2 q) for all Hydrazo tautomers ( Table 6 ). Plot of Non-Covalent Interaction (NCI) index and position of BCP for compound 1 is shown in Fig. 3 .
Values of solvation free energy dG solv , calculated by SMD method, are presented in Table 6 . For all compounds Azo/a tautomers have the highest and Hydrazo tautomer the lowest dG solv values, but the difference is only between 11.51 and 17.25 kJ/mol, so the solvation effect does not have significant influence on the stability of tautomers. Interestingly, in NMF solvent, due to high value of dielectric constant and hydrogen bonding ability, the optimization of molecular structure of tautomer Azo/a was successful. Otherwise, in other solvents, as well as in gas phase, calculations have shown that Azo/a tautomer is not a minimum on potential energy surface. All DFT optimizations, which started from Azo/a geometry, are optimized to much more stable geometry of Hydrazo form. Theoretical calculations and NMR results clearly indicated that, if both tautomers (Azo/a and Azo/b) are obtained by pyridone diazotization (Fig. 1) , subsequent hydrogen rearrangements drive the equilibrium to more stable Hydrazo form (Ajaj et al., 2013) . It is additional evidence that Hydrazo form is the most stable molecular structure both in the gas phase and in solvated state. The optimized structures of Azo/a, Azo/b and Hydrazo forms of compounds 3 and 4 in NMF are shown in Fig. 4 , and other compounds in Hydrazo form in Fig. S7 . The elements of optimal geometry of arylazo pyridone dyes in Hydrazo form are presented in Table 7 . The geometry parameters of the of substituted derivatives are similar to those for the unsubstituted one. The introduction of both electron-donor and electron-accepting substituents causes decrease of OÁ Á ÁH hydrogen bond length (Table 6 ). An electron-donor substituent supports electron density shift from the phenylazo group to the pyridone moiety causing whole molecule planarization. An increase of the C5AN1 and decrease of N1AN2H bond lengths, which are part of the hydrazo group, contribute to a greater extent of the p,p-delocalization with p-electronic system of pyridone ring. As a consequence, the lengths of carbonyl groups are slightly longer in the electron-donor substituted derivatives. This result is an additional support for the extended conjugation, i.e., the p-electron density shifts toward C6‚O carbonyl group increasing both carbonyl bond lengths and supporting more intensive N2AHÁ Á ÁO‚C6 hydrogen bonding, i.e. interaction between keto-hydrazo groups in Hydrazo form (Fig. 1) .
The results of geometry optimization are slightly different for the electron-acceptor substituted compounds. The low deviation from the planarity and an increase of the N1AN2H bond length and decrease of C5AN1 and N2AH bond lengths indicate that two opposite electron accepting effects operate in investigated compounds: electron-accepting phenylazo group and pyridone core cause appropriate geometrical adjustment as a response to electronic demand of the electron deficient environment (Fig. S6) . The normal carbonyl groups polarization is suppressed and that causes a slight bond length decrease of carbonyl groups. More detail analysis of electronic structure of investigated dyes was presented on pages 14-17 in Supplementary material (Figs. S5 and S6 ). Electronic excitations and changes in the charge distribution, considering HOMO and LUMO orbitals, in both ground and excited states of the investigated molecules were studied by calculation of the energy gaps for all investigated compounds (Table 8) , and results are presented in Figs. 5 and S12. The molecular orbitals and energy gaps between HOMO and LUMO orbitals, and MEP map of compounds 3 and 4 for all tautomers are given in Fig. 5 .
The results indicate that HOMO of the neutral compounds is delocalized over the entire molecule, while LUMO is shifted toward the central pyridine and phenylazo rings. Furthermore, the ICT character could not be clearly observed during the orbital transition process from the HOMO to LUMO. The introduction of weak and moderate electron-donating methyl and methoxy group, respectively, in compounds 2 and 3, produces appropriate change in the position of HOMO and LUMO orbital with respect to compound 1. The energy gap between these compounds is lower than that for compound 1, and the lowest value found for compound 3 because of the involvement of the electron-donating methoxy group, which brings about lower energy values of both HOMO and LUMO orbital. Due to more significant stabilization of LUMO orbital, slightly lower E gap value was found for compound 3. On the other hand, the introduction of the strong electron-withdrawing nitro group in compound 4 causes similar increase of energy for both HOMO and LUMO orbital which gives similar E gap value as found for compound 1. In addition, the introduction of the nitro group leads to a higher stabilization of both HOMO and LUMO orbitals. Halogen substituted compounds also do not produce any appreciable change of the position of HOMO and LUMO orbitals with respect to compound 1. In compounds with meta-substituent 9-11, both HOMO and LUMO orbitals are better stabilized than in other compounds (except for comp. 4), and E gap values are higher than in other compounds due to significantly better stabilization of HOMO orbital (Table 8) .
The variation of the substituent of different electron properties clearly indicates that contributions of both conformational arrangement and donor-accepting character are involved in the ICT mechanism of the investigated molecules.
Additionally, comprehensive correlation/inter-correlation of the experimental and calculated data with solvent and substituent parameters was performed. Correlation results of the absorption maxima of compounds 1-11 in Hydrazo form with calculated dipole moment values (l) are given in Table S8 and Fig. S8 . The correlation analysis of the dipole influences on the absorption maxima pointed out that there are three different trends involving three groups of solvents (Table S8 ). The first group includes alcohols and EtAc that exhibits general trend of bathochromic shift with increasing solvent polarity (Table S8 and Fig. S8a ). The second group of solvents contains mostly strong dipolar aprotic solvents: DMF, DMAc, NMF, DMSO and DCM, which showed positive slope of correlation line. It means that higher electron-accepting substituents induce lower dipole moment of arylazo dyes, which is, therefore, more susceptible to interaction with dipolar aprotic solvent causing larger bathochromic shift (Fig. S8b) . The third group of solvent, Chl and Dioxane, showed dual correlation lines: one, generally, mostly including strong electron-donating and electronaccepting substituents and the second one, the rest of the dyes. These correlations also indicate bathochromic absorption maxima shift with increasing solvent dipolar properties.
The correlation of the calculated E gap values of compounds 1-11 of Hydrazo form in NMF solvent with Hammett r p substituent constants is given in Fig. S9 , and correlation results by Eq. (S1). The correlation result indicates that both strong electron-donating and electron-accepting substituents cause the largest bathochromic shift, and parabolic correlation was found for all compounds. Correlation results of the absorption maxima, m max , with calculated E gap values are given in Table S9 and Fig. S10 . These results are indirect evidence that Hydrazo forms predominate in most solvent used.
Correlations of the calculated dipole moments in NMF solvent with Hammett r p substituent constants are given in Fig. S11 and Eq. (S2). The high negative correlation coefficient indicates that electron-donating substituents contribute to an extensive p-delocalization with electron-deficient 2,6-pyridone structure ( Fig. S5; structure I) . This result is in accordance with correlation result l versus r (Fig. S11 ) and the highest values of coefficient s found in Kamlet-Taft correlations (Table S3 ). In electron-accepting substituted dyes two opposite electron-attracting effects exist causing decrease of the extent À8.12 À1.28 6.84 10 À8.09 À1.28 6.81 11 À8.10 À1.28 6.82 of hydrogen bonding ( Fig. S6 ; structure VII) which contributes to lower dipolarity of such structure (Table 6 ). The influence of the solvent permittivity, e r , on the absorption frequency, m max , is presented in Table S11 , and low values of correlation coefficients indicate low sensitivity of absorption maxima to solvent dielectric capabilities.
MEP analysis was used to evaluate and visualize charge distribution over investigated compounds and illustrates the three dimensional charge distributions over all investigated molecules. MEP potential at a point in space around a molecule gives information about the net electrostatic effect produced at that point by total charge distribution (electron + proton) Figure 5 The molecular orbitals and energy gaps between HOMO and LUMO orbitals and MEP map of compounds 3 and 4 in the Azo/ a, Azo/b and Hydrazo forms, respectively, calculated by xB97X-D/6-311G(d,p) method in NMF.
of the molecule and correlates with dipole moments, electronegativity, partial charges and chemical reactivity of the molecules. It provides a visual method to understand the relative polarity of the molecule (Chidangil et al., 1998; Luque et al., 2000) . An electron density isosurface mapped with electrostatic potential surface depicts the size, shape, charge density and site of chemical reactivity of the molecules. MEP shown in Figs. 5 and S12 illustrates the three dimensional charge distributions over all investigated molecules. As it is shown in Figs. 5 and S12, the different values of the electrostatic potential at the surface are represented by different colors; red represents regions of most electronegative electrostatic potential, and it indicates the region of high electron density, i.e. sites favorable for electrophilic attack; blue represents regions of the most positive electrostatic potential, i.e. region of low electron density favorable for nucleophilic attack, and green represents regions of zero potential. Potential increases in the order red < orange < yellow < green < blue. The blue color indicates the strong attractive potential, region favorable for HBA solvent interaction, while red color indicates the repulsive potential, and includes sites favorable for HBD solvent interactions. As it can be seen from the MEP map of the molecules, negative regions are mainly localized over the cyano and carbonyl groups attached at the pyridone rings and over the nitro substituent in compound 4. The positive region is localized on the phenyl and pyridone rings. The negative potential of oxygen atoms oriented symmetrically in 2,6-positions of Hydrazo form, with respect to the central pyridone unit, is clearly visible in Figs. 5 and S12. Most of HBA capabilities of arylazo dyes could be assumed to be from 2,6-dioxo groups which are strong attractive electron-acceptor groups and cause increase of electron densities at these two sites creating favorable interaction with proton-donating solvents. HBD capabilities of solute molecule are mostly concentrated at azo pyridone moiety. As it can be seen from the MEP map of the compounds, the regions having the negative potential are over the electronegative atoms, the regions having the positive potential are over the phenylazo and pyridone rings and the remaining species are surrounded by zero potential.
Obviously, the ICT process is more feasible in NMF solvent. For compound 3, the reason is higher planarity, while, in the case of compound 4, higher rotation around the bond connecting the two electron-accepting groups can decouple the orbitals of these two groups providing medium for significant charge transfer. The highly polarizable ground and excited states of compounds 3 and 4 can be, under appropriate solvation conditions, preferentially stabilized by dipolar interactions. Due to this, the excited and ground states of compound 3 in Hydrazo form are closer and more rapid internal conversion is permitted.
The planar structure of investigated compounds supports conclusion that contribution of strong directional electronic transfer within two electronic structures: phenylazo and semiaromatic pyridone ring is of high significance for electronic density transfer through overall compounds investigated. Structural diversity of studied compounds in different solvents depends on the contribution of the appropriate tautomeric form. Two oxygen atoms, present in Hydrazo form, show strong electron-accepting character of two keto groups (1,3dicarbonyl structure in pyridone moiety). Electron-attracting power of two carbonyl groups in investigated molecules shifts more significantly electron densities from outer part of molecule. Compounds distinguishing from others are meta-substituted compounds which exert non-directional transmission of substituent effect that contributes even more that 1,3-diketo structure displaying larger electron-accepting character. In this way, N(1)-phenyl ring, due to lower n,p-resonance interaction, showed larger deviation from planarity providing higher accessibility of two keto groups to the stabilization by solvent hydrogen bonding interaction.
Conclusion
The UV-Vis and NMR data of eleven arylazo pyridone dyes were analyzed by the use of LSER and LFER principles. The K T constants were estimated by using an advanced spectral data processing method based on the resolution of overlapping bands in UV-Vis spectra. The Hydrazo forms predominate in most solvents used. The solvatochromism of the dyes was analyzed with Kamlet-Taft model, and obtained results show that non-specific solvent effect is the main factor that influences the shift of absorption maxima. The introduction of electron-donating substituents in arylazo ring results in bathochromic shifts, while electron-accepting substituents showed appropriate alternation which depends on both substituent and molecular geometry.
The LFER analysis applied to m max implies that solvent effects have significant influence on the transmission mode of substituent effects. Positive solvatochromism was found mainly for protic solvents. The LFER analysis of SCS data shows reverse substituent effect, except for C5 atom which is the atom of the highest susceptibility to substituent effects.
Quantum chemical calculations indicate that substituents significantly change the extent of conjugation, and affect the ICT character of the investigated dyes. AIM analysis of xB97X-D/6-311G(d,p) optimized structure of arylazo pyridone dyes displayed the presence of strong hydrogen bonding in Hydrazo form. The MEP map shows that regions with negative potential are over the electronegative oxygen atoms, oriented symmetrically in 2,6-positions of pyridone ring showing the highest HBA capabilities. On the other hand, the region with positive potential is over the phenylazo and pyridone rings showing most of HBD capabilities. Theoretical calculations and experimental results gave an insight into the influence of the molecular conformation on the transmission of substituent effects, as well as on contribution of different solvent-solute interactions.
